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ABSTRACT 
This work reports the investigation of Ni catalyzed Si-based nanowires grown 
by hot-wire chemical vapor deposition at different filament temperatures on crystal Si 
(c-Si) and glass substrates These nanowires include NiSi, NiSi/Si core-shell and 
NiSi/SiC core-shell nanowires that grown by varying the filament temperature, Tf. The 
NiSi nanowires were grown at lowest Tf of 1150C. At Tf of 1450C, the nanowires 
were structured by crystalline Si and amorphous Si which Si attributed to the core and 
shell of the nanowires, respectively. The nanowires exhibited NiSi/SiC heterostructure 
core-shell nanowires with increase in Tf to 1850C. The morphological properties of 
these nanowires were strongly dependent on the substrate and filament temperature. The 
nanowires grown on c-Si substrate showed a better alignment and a higher density as 
compared to the nanowires grown on glass substrate. The effect of hydrogen heat 
transfer by the filament temperature demonstrated a phase change from NiSi to Ni2Si 
with increase in  filament temperature. The increasing of filament temperature enhances 
gas phase reactions thus generates more SiC clusters which consequently formed the 
SiC shell. These NiSi/SiC core-shell nanowires were structured by single crystalline 
NiSi and amorphous SiC respectively. The roles of the filament temperature on the 
growth and constituted phase change of the nanowires are discussed in detail. Last but 
not least, the core-shell nanowires exhibited a significant hetero-junction electrical 
characteristic which could be a great potential application in nano-diode devices. 
 
Keywords: Heterostructure, core-shell nanowires, HWCVD, SiC, NiSi 
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ABSTRAK 
Ni-bermangkin Si berasaskan heterostruktur nanowayar ditumbuh di atas kristal 
Si substrat oleh wayar panas wap kimia pemendapan (HWCVD) telah dikaji. Ini 
termasuk heterostruktur nanowayar NiSi, amorfus/kristal Si nanowayar teras-tempurung 
dan NiSi/SiC nanowayar teras-tempurung yang berkembang dengan mengubah suhu 
filamen, Tf. Pada Tf 1450C, heterostruktur nanowayar terbentuk oleh kristal dan 
amorfus Si yang berpunca daripada teras dan tempurung nanowayar masing-masing. 
Morfologi nanowayar menunjukkan perubahan ketara dengan peningkatan suhu filamen. 
Selain itu, pemindahan haba hidrogen oleh suhu filamen menunjukkan perubahan fasa 
dari NiSi kepada Ni2Si dengan peningkatan suhu filamen. Peningkatan suhu filamen 
juga meningkatkan tindak balas fasa gas yang menjana lebih banyak kelompok SiC dan 
seterusnya membentuk NiSi/SiC nanowayar teras-tempurung pada 1850C. Peranan 
suhu filamen pada pertumbuhan dan perubahan fasa nanowayar turut dibincangkan. 
Ciri-ciri elektrik yang terdapat pada nanowayar turut dipersembahkan. 
  
Kata Kunci: Heterostruktur nanowayar, Wayar panas wap kimia pemendapan 
(HWCVD), pertumbuhan Nanowayar. 
 
 
 
 
 
 
 
 
 
 
v 
 
ACKNOWLEDGEMENT 
I would like to express my sincere gratitude and thanks to my supervisor, Dr. 
Goh Boon Tong for guiding and advising me throughout this work. Profuse thanks to 
him for being patient and understanding. Without his criticism, comments, timely aid 
and intervention this study may not have materialized. 
Also, I would like to thank all the members of Low Dimensional Materials 
Research Centre, Department of Physics in University of Malaya members for guiding 
me, giving suggestions, ideas, and support. Among them includes Nur Fatin Farhanah 
binti Nazaruddin, Najwa binti Hamzan and Farah Nadiah binti Nordin. The experiences 
with them have been wonderful, interesting and rewarding. 
This work was supported by the University of Malaya Research Grant (UMRG) 
of RG259-13AFR and the University of Malaya Postgraduate Research Fund (PPP) of 
PO032-2014A. 
 
 
 
 
 
 
 
 
 
 
 
 
 
vi 
 
TABLE OF CONTENTS 
 
  Page 
Abstract  iii 
Acknowledgement  v 
Table of Contents  vi 
List of Figures  viii 
List of Tables  xii 
List of Symbols and Abbreviations xiii 
   
Chapter 1 INTRODUCTION  
1.1 Background 1 
1.2 Problem statement 6 
1.3 Motivation of this work 7 
1.4 Objectives 7 
1.5 Thesis overview 8 
   
Chapter 2 LITERATURE REVIEW  
2.1 Nanomaterials and nanotechnology 9 
2.2 One-dimensional NiSi and SiC nanowire  10 
2.3 Nanowire diode 19 
2.3 Hot-wire chemical vapor deposition (HWCVD) 19 
2.4 Nanowire grow mechanism 24 
   
Chapter 3 METHODOLOGY  
3.1 Introduction 31 
3.2 Hot-wire chemical vapour deposition 
3.2.1  Vacuum chamber   
3.2.2  Plasma generator 
3.2.3  Hot-wire supply 
3.2.4  Vacuum system 
3.2.5  Gas supply 
3.2.6  Heating supply 
31  
33 
33 
34 
35 
36 
37 
vii 
 
3.3 Experiment method 
3.3.1  Substrate cleaning 
3.3.2  Pre-heating of filament 
3.3.3  Ni evaporation 
3.3.4  Deposition 
38 
38 
39 
40 
41 
3.4 Characterization techniques 43 
 3.4.1 Scanning electron microscope (SEM) 43 
 3.4.2 Energy dispersive X-ray (EDX) 43 
 3.4.3 Transmission electron microscope (TEM) 44 
 3.4.4  X-ray diffraction (XRD) 46 
 3.4.5  Raman spectroscopy 47 
 3.4.5  I-V measurement 48 
   
Chapter 4 RESULTS AND DISCUSSIONS  
4.1 Effects of filament temperature on substrate surface 
temperature 
50 
4.2 Surface morphologies of nanowires 51 
4.3  Cross-sectional view study 56 
4.4 Microstructure study 59 
4.5 Compositions studies of a single nanowire by EDS 
elemental mappings 
62 
4.6 Phases and orientation studies 63 
4.7 Structural properties study 67 
4.8  Optical properties study by photoluminescence 
emission spectra 
69 
4.9  Electrical properties study 71 
   
Chapter 5 CONCLUSIONS  
5.1 Conclusions 75 
   
REFERENCES  77 
   
   
   
 
viii 
 
LIST OF FIGURES 
  Page 
Figure 1.1 Different structure of one-dimension nanowires. 3 
Figure 2.1 (a)~(b) SEM and (c)~(d) TEM image of NiSi Nanowire 
growth by MIG. 
12 
Figure 2.2 Raman spectrum of the NiSi nanowires. 13 
Figure 2.3 Typical SEM images of SiC nanowires. 15 
Figure 2.4 (a)~(b) Typical TEM images of a single SiC nanowire. 
(c)~(d) corresponding SAED pattern and HRTEM 
image of the SiC nanowire. 
16 
Figure 2.5 (a) A typical EDS spectrum of SiC nanowires. The 
inset is an enlarged spectrum. (b)~(c) The element 
maps of Si and C of a single nanowire. 
16 
Figure 2.6 XRD pattern of SiC nanowires. 17 
Figure 2.7 Raman spectrum of the SiC nanowires 18 
Figure 2.8 SiH4 deposit process of hot-wire chemical vapour 
deposition. 
22 
Figure 2.9 (a) Mode fraction and (b) infrared absorption 
intensities of C2H2 and CH4 as a function of filament 
temperature. 
24 
Figure 2.10 (a) Periodic table with potential catalyst metals 
classified according to their phase diagram. (b) 
Minimum temperature of certain metals required for 
vapor-liquid-solid (VLS) growth of Si nanowires. 
26 
Figure 2.11 Schematic illustration for the growth of nanowires with 
on the VLS mechanism. 
28 
Figure 2.12 Schematic diagram and SEM image of MIG nanowire 
growth. (a) Groove and agglomeration of Ni layer by 
30 
ix 
 
heating, (b) Clustering during Si supply, (c) Formation 
of nanofibers, and (d) Growth of nanowires. 
Figure 3.1 Flow chart of this work. 31 
Figure 3.2 (a) Schematic diagram of the HWCVD reaction 
chamber. (b) Real picture of the HWCVD vacuum 
system. 
32 
Figure 3.3 Photograph of RF generator used. 34 
Figure 3.4 Photograph of a process for (a) plasma treatment and 
(b) hot-wire decomposition of silane processes. 
35 
Figure 3.5 Photograph of the gas line. 37 
Figure 3.6 Real pictures of (a) temperature controller and voltage 
regulator panels, (b) heater rod and (c) thermocouple. 
38 
Figure 3.7 (a) Photograph of tungsten filament. (b) photograph of 
setup of filament for nickel evaporation and deposition 
processes. Filament is placed in a filament electrode. 
40 
Figure 3.8 (a) Schematic diagram of Ni evaporation process. (b) 
Photograph of the Ni coated on glass substrates. 
41 
Figure 3.9 (a) Plasma treatment process to form Ni nano-island (b) 
Decomposition of gas recursors (SiH4, CH4, H2) during 
deposition process. 
42 
Figure 3.10 Hitachi SU 8000 SEM picture and schematic diagram 
of SEM 
43 
Figure 3.11 Schematic diagram of EDX basic principle. (a) 
generation of characteristic X-ray in sodium (Na) atom 
model. (b) X-ray schematic diagram. 
44 
Figure 3.12 JEOL JEM-2100F TEM picture and schematic diagram 
of TEM. 
45 
Figure 3.13 Schematic diagram of XRD. 47 
x 
 
Figure 3.14 InVia Raman microscope picture and representation of 
Raman scattering from particles. 
48 
Figure 3.15 KEITHLEY Model 236 source measure unit and 
electrode pins picture. 
49 
Figure 3.16 A schematic diagram of the fabricated Si-based 
nanowires heterojunction structure and the electrodes 
configuration. 
49 
Figure 4.1 Variations of substrate temperature, and substrate 
surface on Si and glass substrates with filament 
temperature. 
51 
Figure 4.2 
FESEM images of the Si-based nanowires synthesis by 
HWCVD on silicon at different filament temperatures 
(a) 1150C, (b) 1450C, (c) 1650C, (d) 1750C, (e) 
1850C, (f) 1950C. Insets show the high 
magnification image of the nanowires. (Insets bar is 
500 nm). 
54 
Figure 4.3 
FESEM images of the nanowires synthesis by 
HWCVD on glass at different filament temperatures. 
(a) 1150C, (b) 1450C, (c) 1650C, (d) 1750C, (e) 
1850C, (f) 1950C. Insets show the high 
magnification image of the nanowires. (Insets bar is 
500 nm). 
55 
Figure 4.4 Variations of nanowire diameter with filament 
temperature on silicon and glass substrate. 
56 
Figure 4.5 Cross-sectional view of FESEM images of the 
nanowires prepared by HWCVD at filament 
temperature of 1850C. (a) secondary electron (b) 
backscattered electron signals (c) backscattered 
electron signal collected by a photo-diode 
backscattered electron (PDBSE) detector that attached 
to the SEM. Insets figures present high magnification 
of the FESEM images. 
58 
Figure 4.6 (a) TEM morphology of the NiSi/Si core-shell NWs 
prepared at filament temperature of 1650C. (b) and (d) 
HRTEM image of the NWs enlarged from the frame in. 
(c) show TEM image of the side wall structures of the 
NWs. 
61 
xi 
 
Figure 4.7 (a) TEM morphology of the NiSi/SiC core-shell NWs 
prepared at filament temperature 1850C. (b) and (d) 
HRTEM image of the NWs enlarged from the frame in 
(a) show a insert particle inside the NW. 
62 
Figure 4.8 (a) Brigh-field TEM image of a single nanowire,       
(b) ~ (e) EDS element maps of the core-shell 
nanowire. 
63 
Figure 4.9 XRD spectra of the nanowires prepared by HWCVD at 
different filament temperatures. 
65 
Figure 4.10 Weight percentage of phases presented in the samples 
prepared by HWCVD at different filament 
temperatures. 
67 
Figure 4.11 Raman scattering spectra of the nanowires prepared by 
HWCVD at different filament temperatures. (a), (c) 
and (e) is filament temperature 1150 ~ 1950C on 
silicon substrates. (b), (d) and (f) is filament 
temperature 1150 ~ 1950C on glass substrates. 
69 
Figure 4.12 Photoluminescence (PL) spectra for the nanowires on 
silicon substrate at different filament temperatures. 
71 
Figure 4.13 I–V curves of the samples prepared by HWCVD at 
different filament temperatures. Inset of the figure 
presents the logarithmic current against voltage (lnI–V) 
plot of the NiSi/Si and NiSi/SiC core-shell nanowires 
prepared at filament temperatures of 1450 and 1850C 
72 
Figure 4.14 Generic diode mode with parasitic series resistance and 
parallel conductances. 
72 
   
 
xii 
 
LIST OF TABLES 
 Page 
 
Table 1 Nanowire fabrication types and conditions 27 
Table 2 Deprosite parameters in this work. 42 
Table 3 Experimental values of the parameters obtained from 
I–V fittings. 
74 
   
   
   
   
 
xiii 
 
LIST OF SYMBOLS AND ABBREVIATIONS 
 
C Carbon  
Ni Nickel  
Si Silicon  
O2 Oxygen  
H2 Hydrogen  
SiC Silicon carbide  
SiH4 Silane  
CH4 Methane  
NH4OH Ammonia  
HCl Hydrochloric acid  
H2O2 Hydrogen peroxide  
c-Si Crystal silicon  
DI Deionized  
sccm Standard cubic centimeters per minute  
CVD Chemical vapor deposition  
HWCVD Hot-wire chemical vapor deposition  
FESEM Field emission scanning electron microscope  
EDX Energy dispersive X-ray  
HRTEM High resolution transmission electron microscope  
STEM Scanning transmission electron microscopy  
XRD X-ray diffraction  
PL Photoluminescence  
PDBSE Photo-diode backscattered electron  
HAADF High angle annular dark field  
VLS Vapor-liquid-solid  
MIG Metal induced growth  
xiv 
 
MDG Metal diffusion growth  
Ts Surface temperatures for c-Si substrate  
Tg Surface temperatures for glass substrate  
Tb Temperature on the bottom surface of the substrates  
Tf Filament temperature  
I-V  Current-voltage  
   
   
   
 
1 
 
CHAPTER 1 
INTRODUCTION 
 
1.1 Background 
Semiconductor nanowires have been extensively studied due to their potential 
applications in a wide range of applications (Bae et al., 2010; Rurali, 2010; L. Yu et al., 
2009). The hybrid heterostructures such as core-shell nanowires are expected to 
improve the properties of the nanowires such in the case of applications for 
high-temperature sensing (Bi et al., 2013), high-performance FET (field effect 
transistors) (Xiang et al., 2006) and enhanced hydrogen generation photocatalytic (Hao, 
Wang, Tong, Jin, & Guo, 2012). 
Design and synthesis of multi-dimensional materials to achieve certain desirable 
properties is more complex. These materials are diverse structures that consisted of 
metals, semiconductors, carbon, which generally are axially connected to a 
heterojunction by two different nanomaterials. One-dimension heterostructure materials 
with unique properties and its functionality can be obtained for wide range of 
applications in various new fields. 
For example, semiconductor-semiconductor p-n junction is formed to produce a 
rectified current logic gates (Huang, Duan, Cui, & Lieber, 2002), nano photodetector 
(Hayden, Agarwal, & Lieber, 2006) and multifunction light emitting diode (McAlpine, 
Ahmad, Wang, & Heath, 2007). Metal-semiconductor-metal heterojunction nanowires 
with superior optical and conductivity properties potentially can be used in biosensors 
(Penn, He, & Natan, 2003), gene transfer (Salem, Searson, & Leong, 2003) and 
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separation (K. B. Lee, Park, & Mirkin, 2004). It has been reported that metal-metal 
heterojunction with different fragments have different functions and features. The 
device prepared in this heterojunction has disadvantages in electrical properties. 
However, highly mismatched with no dislocation lines can formed in one-dimensional 
heterostructure materials. Matthews and Blakeslee et al. recently described the 
formation of a two-dimensional heterostructure is not critical thickness for dislocation 
(Matthews & Blakeslee, 1974). The model predicted that over the critical radius, nano 
heterojunction with instability showed a larger grain. Materials have lattice mismatch, 
hardly form a perfect heterojunction without dislocation. Thus, maximum advantage of 
the nanowire heterostructure is the size below the critical radius, inappropriate 
dislocation does not exist. It is possible to obtain novel, versatile and high-performance 
electronic devices. 
Depending on the composition, the nano-heterojunction materials can be divided 
into follows: (1) Semiconductor-Semiconductor; (2) semiconductor-metal; (3) 
metal-metal; (4) carbon-carbon; (5) carbon-metal; (6) carbon-semiconductor 
heterojunction, wherein the “carbon” may be carbon nanotubes, amorphous carbon or 
diamond. According to different classification of the connections, it include a 
segment-type, a core-shell, cross-type, branch heterojunction type and brushes as shown 
in Fig. 1.1 (Mieszawska, Jalilian, Sumanasekera, & Zamborini, 2007). These 
heterojunctions play an important role in their properties. There are some synthesis 
methods of the material, for example, template synthesis structure and core-shell 
heterostructure. This thesis focuses the core-shell heterostructure materials. 
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Fig. 1.1 Different structure of one dimension nanowires (Mieszawska et al., 2007). 
 
Recently, silicon carbide (SiC) has gained extensive interests in coating and 
micro-electromechanical systems (MEMS) (Mehregany, Zorman, Roy, Fleischman, & 
Rajan, 2000; Sarro, 2000). SiC is generally used in high-power applications, harsh 
environment such as wider high temperature and radiation condition. SiC has been 
greatly employed in mechanical toughness and high fracture strength, because of the 
high Si-C bond are capable of imparting high Young's modulus (X. Li & Bhushan, 
1999). Moreover, SiC is a chemically inert material to most corrosive and aggressive 
chemical substance, and biocompatible material (Casady & Johnson, 1996; Willander, 
Friesel, Wahab, & Straumal, 2006; Yakimova et al., 2007). The existence of more than 
100 types of poly silicon carbide in the cubic phase SiC (3C-SiC), they can be deposited 
on Si. so it has drawn particular attention in researchs (Marshall, 1974). SiC 
nanostructures are known with their excellent properties such as high thermal 
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conductivity, high mechanical properties, good thermal shock resistance, low thermal 
expansion coefficient, as well as its chemical stability and electron affinity, allowing 
them working in harsh environments (J. Fan, Wu, & Chu, 2006; Wong, Sheehan, & 
Lieber, 1997). By incorporated highly metallic properties of single crystalline NiSi into the 
NiSi/SiC core-shell nanowires, that expected to enhance the electrical and optical properties 
of this heterostructure material in various applications. The NiSi core electrode could use as 
1D electrodes for enhancing the efficiency of electron transfer between current collector 
supports and individual electrode materials and ion transport to the electrode (C. J. Kim et 
al., 2007; Yue Wu, Xiang, Yang, Lu, & Lieber, 2004). Moreover, this 
metallic/semiconductor heterostructures probably could enhance the carry mobilities which 
would significantly improve the performance of existing nanowires-based devices (Lauhon, 
Gudiksen, Wang, & Lieber, 2002). 
Recently, extensive works have been carried up to investigate the properties of 
Si-based heterostructures. they using various deposition techniques include chemical 
vapor deposition (CVD), hot-wire chemical vapor deposition (HWCVD), lithography 
and laser ablation (Bandaru & Pichanusakorn, 2010; H. J. Fan, Werner, & Zacharias, 
2006; Rao, Deepak, Gundiah, & Govindaraj, 2003; Suzuki, Araki, Tosa, & Noda, 2007). 
In this work, the Si-based heterostructure nanowires have been grown by HWCVD at 
different filament temperatures. HWCVD is a preferable technique for the fabrication of 
Si-based nanowires with lower cost production and large-area deposition. Moreover, 
HWCVD also capable in generating high density of grow precursors (SiH3 and CH3) by 
using high temperature tungsten filament as a catalyst. In the HWCVD, the filament 
temperature is playing an important role in controlling the decomposition of the source 
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gas and the gas phase reactions during the deposition. Decomposition of the SiH4 and 
CH4 are at different filament temperatures, in terms of SiH4 it starts to decompose at 
1027C and the decomposition rate increases dramatically when the temperature is 
above 1427C (Tange, Inoue, Tonokura, & Koshi, 2001). While, the moderate 
decomposition of CH4 happens at 1750C and above (Komura et al., 2007; Tabata & 
Komura, 2007). The grow mechanism of NiSi/SiC core-shell nanowire involve process 
of SiH4 and CH4 decompose, gas phase reactions and the surface reactions, all above 
processes lead to the growth of nanowires. The quality of sample is highly influenced 
by the gas phase (SiH4, CH4, H2 molecules and radicals) reactions. The filament 
temperature plays an important role in controlling the gas phase reactions (Tange et al., 
2001). In SiH4/CH4/H2 system, the decomposition of SiH4 and the desorption of Si and 
H radicals form the HW surface at a threshold Tf of 1450C. That generally agreed upon 
by several reported studies (Doyle, Robertson, Lin, He, & Gallagher, 1988; Matsumura, 
1986). In that temperature the Si and H radicals desorbed rapidly in large quantities. 
When the surface of filament is heated to more than 1750C, the precursors (CH4, SiH4 
and H2) molecules decomposed onto the surface of hot filament. CH4 decompose to CH3 
molecules takes place mainly through gas phase reaction: CH4 + H → CH3 + H2 
(Komura et al., 2007; Komura, Tabata, Narita, & Kondo, 2008; Tabata & Komura, 
2007). These observations on the gas phase reactions involving active radicals in a 
HWCVD process are very useful when studying the role of filament temperature in 
synthesizing Si and SiC base nanowires.  
The structural and electrical properties of the as-grown Si heterostructure 
nanowires were investigated. The physical and chemical properties of the nanowires 
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such as morphological, microstructure and compositions were investigated by field 
emission scanning electron microscopy (FESEM), high resolution transmission electron 
microscopy (HRTEM), X-ray diffraction (XRD) and micro-Raman scattering 
spectroscopy. Current-voltage (I-V) characteristics were used to analyze electrical 
properties of the nanowires. 
 
1.2 Problem statement 
Generally, the single-phased intrinsic materials generally have low conductivity, 
week mechanical stability and associated side reactions due to their unprotected 
surfaces, which make them unsuitable for various device applications (Fu et al., 2006; 
Liu, Li, Ma, & Cheng, 2010). These disadvantages has made the nanowires lack of 
interest in applications energy conversion and storage. Therefore, hybrid core–shell 
nanowires have become new approach for these applications. The incorporation of 
highly metallic properties of single-crystalline NiSi nanowires as core electrodes into 
the NiSi/SiC core-shell is expected to enhance their electrical and optical properties. 
The NiSi core electrodes could be used as 1D electrodes for enhancing the efficiency of 
electron transfer between the current collector supports and individual electrode 
materials as well as of ion transport to the electrode (Cohen-Karni et al., 2012; Yue Wu, 
Xiang, et al., 2004). Moreover, this metallic/semiconductor heterostructure could 
possibly enhance the carrier mobility which would significantly improve the 
performance of the existing nanowire-based devices. 
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1.3 Motivation of this work 
Si-based nanostructures such as nanowires, nanorods and nanotubes have attracted 
more and more attention due to their applications in nanoscale devices. 
One-dimensional materials are excellent in electrical, optical and magnetic properties. 
Hence, there great potential to be used in nanoelectronics, photonics, laser plasma, 
medical diagnostics, drug delivery and chemical sensors. SiC is a wide band gap 
semiconductor used for high temperature, high power applications and radiation–hard 
environment. By incorporated highly metallic properties of single crystalline NiSi 
nanowires as a core electrode into the NiSi/SiC core-shell nanowires is expected to enhance 
the electrical and optical properties of this heterostructures material in various applications. 
The NiSi core is believed to be able in boost the efficiency of electron transfer between 
current collector supports and individual electrode materials, as well as that of ion transport 
to the electrode. Moreover, this metallic/semiconductor heterostructure probably could 
enhance the carrier mobilities, which would significantly improve the performance of 
existing nanowires-based devices. 
 
1.4 Objectives 
The objectives of this research are: 
1) To investigate the role of filament temperature on the growth of Ni-catalyzed 
Si-based core-shell nanowires by HWCVD on c-Si and glass substrates, 
2) To analyze the structural, optical and electrical properties of the nanowires, 
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1.5 Thesis overview 
This thesis is organized mainly into five chapters. The first chapter describes the 
introduction of one-dimensional core-shell nanowires included the objectives, 
motivation of the work and also an outline of the report. Chapter 2 presents the 
literature review of this work. The description of the advantages of nickel silicide, 
silicon carbide and heterostructure of nanowires also include in this chapter. Also 
discuss the importance of using HWCVD system. Chapter 3 details description on the 
research methodology include the experimental setup, material used and 
characterization techniques of this work. Chapter 4 present the results and discussion of 
this work. Chapter 5 is summary and conclusion of the work done in this work. 
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CHAPTER 2 
LITERATURE REVIEW 
 
2.1 Nanomaterials and Nanotechnology 
When the size of particles is 0.1 micron (100 nm) or less, the unit is generally 
nano. The physical and chemical properties are significantly different from normal size. 
Nanotechnology studies the characteristics and interactions in the range of 0.1 to 100 
nm. Nanotechnology research indicates that macro to micro of an object is made, a large 
size to a small size, and also the nano-micron level of development. Numerous studies 
have showed a number of specific physical, chemical and biological properties 
exhibited differently when the size of the material is at the nanometer level, from the 
material at the macroscopic state that reflect the nature of the special nature of these 
nanoscale that emerging into high technology industries (Kalantar-zadeh & Fry, 2007). 
Due to nanoscale dimensions, nanomaterials exhibit small size effect, quantum 
tunneling effect, Coulomb blockade effects and surface effects due to the fluctuations 
between the electrons and atomic interactions of nanomaterials. Nanomaterials possess 
properties that many of the materials do not have especially in the physical, chemical 
and biological properties. Due to surface effects, as in the reduction in particle size of 
nano-materials, a sharp increase in specific surface area of the material, the number of 
atoms in the proportion of the surface of the bulk atoms is also greatly increased, while 
the surface energy and the surface tension increases, which causes nanomaterials change 
in nature. As the particle diameter becomes smaller, the specific surface area will be 
significantly increased, the number of surface atoms is also increasing rapidly. For 
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instance, a particle size of 10 nm with the specific surface area of 90 m
2
/g; when the 
particle diameter is 5 nm, the specific surface area of 180 m
2
/g, the number of surface 
atoms to account for 50 %, particle size down to 2 nm, specific surface area soared to 
450 m
2
/g, the number of surface atoms to 80 %. The surface atomic ratio of the total 
number of nanomaterials atoms will increase rapidly when the size of nano-material is 
reduced to 10 nm or less. The surface on these atoms nanomaterials have high activity, 
very unstable, and very easy to combine with other atoms. The metal nanoparticles in 
the air easily burn the inorganic nanoparticles when it is exposed to the gas in the air in 
which it will absorb and react. This feature has been used to construct miniature sensors 
and detectors. As the size of the amount gradually reaching the nanoscale under certain 
critical conditions, some changes can cause to the nature. The effects when the 
coherence of length of nanomaterials size and light wavelength, the de Broglie 
wavelength or superconducting state or transmitted physical characteristics and depth 
dimensions comparable or smaller are that the periodic boundary conditions of the 
crystal material will be destroyed, the electronic transport behaviour received 
limitations, the electron mean free path is shortened, and the coherence of electrons 
localized enhancements, resulting nanomaterials there are special sound, light, 
electricity, magnetic, thermal, mechanical and other properties (Wan et al., 2009; Xia et 
al., 2003; R. Yan, Gargas, & Yang, 2009). 
 
2.2 One-dimensional NiSi and SiC nanowire 
Silicide is silicon compound with a metal as electropositive component (J. Kim & 
Anderson, 2005). It can reduce the resistivity of local-interconnect metallization and 
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gate and is commonly used in silicon based microelectronics. CoSi2 and TiSi2 are some 
popular silicide candidates (Han, Liu, & Zhao, 2015), however there are some 
limitations. For example TiSi2 line width and the sheet resistance of the display depends 
C49 phase. Therefore it is difficult to transit to a low resistivity C54 phase. CoSi2 film 
consumes more Si compared TiSi2 (Colgan, Gambino, & Cunningham, 1996). 
Presented in nickel siliciden (NiSi), some of the advantages of low resistivity, lower Si 
consumption and the formation of a relatively low temperature, and therefore it is a 
promising material to replace those silicide material (G. B. Kim et al., 2003). NiSi has 
been used as an ideal source for electrical contact materials and recently the NiSi 
provided the drain and gate complementary metal oxide silicon devices. In addition, 
they also exhibit superior performance to reduce the proportion of (Lavoie, d’Heurle, 
Detavernier, & Cabral, 2003). 
There has been abundance reported on NiSi nanowire growths. Metal-induced 
growth (MIG) method is a unique nanowire growth mechanism that the NiSi nanowire 
follows (J. Kim & Anderson, 2005). Highly straight NiSi nanowires grown by a 
sputtering method at 575C followed a solid-phase reaction of Ni and Si (J. Kim, 2010). 
Low temperature process is preferably applied as a nanowire interconnected with the 
structure of the manufactured nanoscale little or no damage. MIG has advantage among 
a growing number of epitaxial Si film, which uses solid phase crystallization and solid 
phase epitaxy mechanisms. The behavior of the deposited metal catalyst film which act 
as a seed layer, the sputtering silicon interact to form a silicide layer on top of it grown 
Si film. Nickel and cobalt are commonly used as metal catalyst in MIG method. Si 
epitaxial film growth and to exhibit the spontaneous formation of a good ohmic contact 
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layer, a thin film or small CoSi2 and NiSi2 lattice mismatch provides an excellent 
precursor layer. MIG method is rapid crystallization of silicon at low temperature and 
methods cultured versatile applications in Si. NiSi nanowires growth by MIG as 
demonstrated by scanning electron microscope (SEM) and transmission electron 
microscope (TEM) are presented in Figure 2.1 show that the NiSi nanowire growth on 
the Si substrate. Figure 2.2 show a typical Raman spectrum of NiSi nanowires. The 
main peaks of NiSi were detected at 200cm
-1
 and minor peaks at 294.5 and 362 cm
-1
 (J. 
Kim & Anderson, 2005). 
 
 
Fig. 2.1 (a)~(b) SEM and (c)~(d) TEM image of NiSi nanowire growth by MIG (J. Kim, 
2010). 
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Fig. 2.2 Raman spectrum of the NiSi nanowires (J. Kim & Anderson, 2005). 
 
Silicon carbide (SiC) is a wide band gap semiconductor. It has some amazing 
characteristic, such as high saturation drift velocity, high breakdown field strength, and 
high thermal conductivity (V Schmidt, Wittemann, & Gosele, 2010; B. Wang et al., 
2014). For silicon carbide, due to those aforementioned superior physical properties 
(Kolasinski, 2006), thus producing a semiconductor material with superior 
advantageous in (Hibino, Tanabe, Mizuno, & Kageshima, 2012; Kolasinski, 2006). 
Furthermore, crystalline cubic-SiC nanowires are frequently being adapted due to its 
high electron mobility (Bhatnagar & Baliga, 1993; Pallecchi et al., 2014) that enable its 
used in high-power, high temperature, and high-frequency electronic devices is widely 
used wide band gap semiconductor material. SiC nanowires also showed good field 
emission properties (Fissel, Schröter, & Richter, 1995). 
Many techniques have been developed to synthesize SiC nanorods or nanowires. 
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Dai et al. (Dai, Wong, Lu, Fan, & Lieber, 1995) were the first to synthesis SiC nanorods 
and succeeded in 1995 through the reaction of carbon nanotubes with SiO or Si + I2. 
H-SiC nanorods was synthesis by Meng et al. (Meng, 1998) using carbothermal 
reduction reaction, and SiC nanowires was fabricated using the hot filament CVD 
method by Zhou et al. (Zhou et al., 1999). Li et al. (Y. Li et al., 2001) synthesized SiC 
nanowires by using silicon carbide rod as the anode arc discharge lately. There are some 
difficulties during the course of the reaction, to synthesize the SiC nanorods and 
nanowires on a Si substrate directly, since these methods use a variety of reactants, and 
the reaction requires high temperatures (typically greater than 1200C). SiC nanowires 
were synthesized at low temperatures with high pressure by some groups (Lu et al., 
1999). There are also reports on synthesis of SiC nanowires using metal as a catalyst 
(Honda et al., 2003; Liang, Meng, Zhang, Wu, & Cui, 2000). An example of SEM 
image of the SiC nanowires grown on a SiC thin film is shown in Figure 2.3 (He et al., 
2013). 
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Fig. 2.3 Typical SEM images of SiC nanowires (He et al., 2013). 
 
Typical TEM images of the nanowires show in Fig. 2.4(a) and (b). The nanowire 
is uniform in diameter along the entire length about 100 nm and showed the nanowires 
grow along the (R. Yan et al., 2009) direction. Fig. 2.4(c) is the corresponding selected 
area electron diffraction (SAED) pattern recorded from the marked area of A of the 
single nanowire, which can be indexed to the 3C–SiC [JCPDS Card No.29-1129]. The 
SAED pattern is identical over the entire nanowire, indicating that the nanowire is 
single crystalline. Fig. 2.4(d) presents the corresponding HRTEM image. Where the 
inter-planar spacing of two neighboring lattice fringes is ~0.25 nm, and its well fitted to 
the [111] plane of 3C–SiC. 
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Fig. 2.4 (a)~(b) Typical TEM images of a single SiC nanowire. (c)~(d) corresponding 
SAED pattern and HRTEM image of the SiC nanowire (He et al., 2013). 
 
Fig. 2.5(a) shows a typical EDS spectrum recorded from the SiC nanowires, 
revealing that the nanowires mainly consist of Si, C and N, as well as a small amount of 
O. The O is from the amorphous SiOx outer layer around the SiC wires, and the Cu 
comes from the copper grid used to support the TEM sample. 
 
 
Fig. 2.5 (a) A typical EDS spectrum of SiC nanowires. The inset is an enlarged 
spectrum. (b)~(c) The element maps of Si and C of a single nanowire (He et al., 2013). 
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The typical XRD pattern of SiC nanowires are presented in Figure 2.6. All 
diffraction peaks are in good agreement with JCPDS 29-1129. The lattice parameters of 
the nanowires can be calculated from the diffraction patterns. 
 
Fig. 2.6 XRD pattern of SiC nanowires (JCPDS 29-1129). 
 
The room temperature Raman spectrum of the SiC nanowires is shown in Fig. 2.7. 
Two peaks at frequency of 794 and 968 cm
−1
 are observed in the original Raman result. 
The bulk β-SiC crystal usually has two optical phonon modes: A transverse optical (TO) 
mode at 796 cm
−1
 and a longitudinal optical (LO) mode at 972 cm
−1
 (Z. Feng, 
Mascarenhas, Choyke, & Powell, 1988). On the other hand, the two peaks at frequency 
of 794 and 968 cm
−1
 belong to the TO and LO modes of β-SiC respectively. For 
emergence of large red shifts of TO and LO phonon peaks in the nanowires, the 
abundant structure defects exhibit a significant effect and quantum confinement effect 
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acts like a minor part (Borowiak-Palen et al., 2005; Z. Li et al., 2003; S.-L. Zhang et al., 
1999; Zou et al., 2006). 
 
 
Fig. 2.7 Raman spectrum of the SiC nanowires (Zou et al., 2006). 
 
The spatial orientation of the assembly for two or more nanostructure assembly 
preferably is a combination having a different function. Because of the advances, they 
can generate performance independent single-component material, which is highly 
demanded. Engineering mixed multi-component nanostructures synthesis technology 
has attracted many interest, at our disposal assembled nanocrystals have a very different 
characteristics. Semiconductor nanocrystals, for example, in such a manner, the hybrid 
structure may be combined according to the particular application of the metal. 
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2.3 Nanowire diode 
There has been steady progress in demonstrating electrical components made of 
nanowires, such as field effect transistors, electron field emitters, switches, sensors, etc. 
The surface of the nanostructures has crucial role in determining the electrical and 
optoelectronic properties of nanodevices. As the surface-to-volume ratio is very high, 
the surface states also play a key role on optical absorption, gas sensing, luminescence 
and other properties. Thus, nanoscale electronic devices have the potential to achieve 
higher sensitivity and faster response than bulk material(Das, Myoung, & Kar, 2011). 
Nanodevice units made from those one-dimensional nanostructures (single 
nanostructures as well as bunch of nanostructures) have attracted substantial research 
interests because they provide a unique platform for fundamental investigations. In 
addition, they can also serve as the building blocks for more complicated nano-systems 
and microsystems. 
 
2.4 Hot-wire Chemical Vapor Deposition (HWCVD) 
Low pressure chemical vapor deposition (LPCVD) method has widely been used 
to develop Si/SiC core-shell nanowires, (Choi, Yao, Cui, & Cho, 2011). However, this 
technique has some disadvantages that include lower deposition rates and it also needed 
high temperature usually above 600C for the process. Pressure and temperature are two 
variables that control the deposition rate (Curley, McCormack, & Phipps). Other 
techniques such as hot-wire chemical vapor deposition (HWCVD) also can be used in 
producing Si/SiC core-shell nanowires. 
HWCVD is an elegant low pressure deposition technique that base on thermal 
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decomposition of precursor gases at the surface of resistively heated filament (usually 
Tungsten) to form radicals. These radicals adsorbed on the heated substrate (J. C. Lee et 
al., 2002). 
Due to the lower production cost and large scale production capability, for the 
monent HWCVD has become a preferred-technique for the fabrication of Si/SiC 
core-shell nanowires. As a result making this method is getting attractive respecrally for 
industrial applications. It is also proven that this technique enhance the growth rate of Si 
nanowires besides having the advantages of low-temperature growth processess. 
Moreover, HWCVD is comparatively a better technique for the growth of Si/SiC 
core-shell nanowires since it provides an ion-free deposition by catalytical 
decomposition of the source gas using a catalyzer usually tungsten.  
HWCVD was proposed in 1979 by Wiesmann (Wiesmann, Ghosh, McMahon, & 
Strongin, 1979) in the preparation of highly hydrogenated amorphous silicon (a-Si:H) 
film, but the electrical properties of hydrogenated amorphous silicon was inferior to the 
film prepared by plasma-enhanced chemical vapor deposition (PECVD). Due to this 
reason, this technique has been neglected until after 1985 Matsumura et al prepared 
excellent fluorinated amorphous silicon by the use of this technique (Matsumura & 
Tachibana, 1985). Because they believe the deposition process, the hot tungsten 
filament act as a catalyst, then this process is called catalytic chemical vapor deposition 
(catalytic CVD). Doyel, who after three years under similar conditions to prepare a 
good quality hydrogenated amorphous silicon, they call the evaporation surface 
decomposition (evaporative surface decomposition), because they think the hot-wire 
decompose air source into primitives that was used in the deposition (Doyle et al., 1988). 
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1991 Mhana prepared device-level quality by hot-wire having, the hydrogen content 
only 1 % of a-Si: H and compare the different with PECVD and HWCVD, because 
suspect the catalytic reaction with hydrogen and hot-wire, he re-name this process hot 
filament assisted chemical vapor deposition, which sparked a passion to HWCVD study 
(Mahan, Carapella, Nelson, Crandall, & Balberg, 1991). 
Silane pyrolysis has been used as silicon source for numerous of decades. 
Although the deposition surface temperature was low than the filament temperature (Tf), 
but it is a surface pyrolysis process (R Robertson, Hils, & Gallagher, 1984; Robert 
Robertson & Gallagher, 1986). Before prepared a-Si:H, HWCVD is also used to prepare 
diamond by pyrolysis mixture CH4/H2. However, in the preparation of the diamond the 
pressure is far low than preparation of the silicon based device, which makes the kind of 
filament and atmosphere around the filament is not important to the growth diamond. In 
contrast, silicon-based nano-wire is prepared mainly under low pressure, there are one 
or two times reactive before deposition, thus making a kind of excitation from the 
filament important (Doyle et al., 1988). The relations below present the decomposition 
mechanism of SiH4 gas in the HWCVD: 
SiH4(g) → Si(g) + 4H(g)                              (1) 
Si(g) + SiH4(g) → Si2H4(g)                            (2) 
H(g) + SiH4(g) → SiH3(g) + H2(g)                     (3) 
This corresponding deposition process is shown in Figure 2.8. 
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Fig. 2.8 SiH4 deposit process of hot-wire chemical vapor deposition (Doyle et al., 
1988). 
 
Doyle team studied SiH4 decomposition efficiency tungsten surface and the 
relationship with kinds of primitive and hot filament temperature (Matsumura, 1986) It 
was found that at lower pressure, when. Tf > 1800C, the probability of reaction of the 
silane is relatively high, then the primitives of thermal decomposition silane mainly four 
H atoms and one Si atoms. At higher temperatures, H atoms can be more quickly escape 
from the hot filament surface. For this case, the high energy of hot-wire, there are high 
probability of reaction with silane and tungsten surface dangling bond, and decomposed 
into Si and H atoms. The decrease of the hot filament temperature below 1800C, 
tungsten surface dangling bonds are occupied by H, a silane and tungsten surface 
dangling bonds reduce the probability of reaction, so that the silane can not be 
combined with the tungsten surface (Matsumura, 1986). The energy of H decomposition 
is low, so just H primitive come out when Tf further reduced to 1500C, the release of 
Si primitives becomes negligible, almost all of the silane are decomposed Si and W are 
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a bond and W into the lattice structure of the compound becomes. Surprisingly, when 
the tungsten wire temperature below 1300C, still H atoms are released. 
The tungsten surface also has a significant effect on decomposition efficiency of 
CH4. Fig. 2.9 shows the effect of filament temperature to the concentration of H, CH4, 
CH3 and C2H2 above substrate. The relations below demonstrate the decomposition 
mechanism of CH4 gas during the hot-filament processes: 
CH4(g) + H(g) → CH3(g) + H2(g)                          (4) 
2CH3(g) +2H(g) → C2H2(g) + 3H2(g)                       (5) 
Hydrogen atomic concentration increases monotonically with the filament temperature. 
When the temperature is lower than 1700C, methane decomposes very slowly. The 
filament temperature rise to above 1773C substantial decomposition of CH3. However, 
the high temperature generates stable acetylene by methane decomposition. Molecular 
hydrogen cracking around 1973C significantly accelerated the rate of atomic hydrogen 
generation. Further increase the filament temperature around 2273C, atomic hydrogen 
generation rate slow down. Fig. 2.9(b) use infrared absorption intensities of CH4 and 
C2H2 to characterize the rate of methane decomposition (Jafari, Akbarnejad, 
Ghoranneviss, Yazdi, & Rezaei, 2015; Jing-Biao, Yu-Rong, & Rong-Chuan, 1996; QI, 
CHANG, CHEN, WANG, & LIAO, 2003). 
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Fig. 2.9 (a) Mode fraction and (b) infrared absorption intensities of C2H2 and CH4 as a 
function of filament temperature (Jing-Biao et al., 1996; QI et al., 2003). 
 
2.5 Nanowire grow mechanism 
There are several growth mechanism of nanowires were reported, such as 
gas-liquid-solid (VLS), solid-liquid-solid (SLS), and solid-solid (SS) type.  
The VLS model that was fristly proposed by Wagner and Treuting, still greatly 
adopted until today in growing nanowires (Edwards & Happel Jr, 1962; Wagner & Ellis, 
1964). As for absorbing liquid catalyst gas-phase reactants (Morales & Lieber, 1998) 
strongly favored spots. the number of possible catalyst materials are quite large (Table 
1). Although the quality of the wires obtained as well as the required growth conditions 
differ strongly, there are also similarities in the behavior of the different catalysts. I will 
adopt the classification scheme similarly introduced by Bootsma et al. (Yiying Wu & 
Yang, 2001). The catalyst materials are classified into three different categories: typeA, 
type-B, and type-C, as shown in Figure 2.10(a). Type-A catalysts are the Au-like metals. 
Their phase diagram is of the simple eutectic type; that is, it is dominated by a single 
eutectic point. Type-B catalysts are the low Si solubility metals. Their phase diagrams 
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also show a single dominant eutectic point but no silicide phases. Type-C catalysts are 
the silicide forming metals. Their phase diagram indicates the presence of one or more 
silicide phases. 
In addition, the lowest eutectic temperature is higher than 800C. Typical type-C 
catalysts are Ni, Pt, or Ti. Fig 2.10(b) show minimum temperatures of certain metals 
required for vapor-liquid-solid (VLS) growth of Si nanowires plotted versus their 
respective impurity level energies in Si. The energies of these impurity levels are given 
on the rhs with respect to the middle of the band gap (assuming a band gap of Si of 1.12 
eV). The color code refers to the catalyst classification of Figure 2.10: red, type-A; 
orange, type-B; blue, type-C. 
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Fig. 2.10 (a) Periodic table with potential catalyst metals classified according to their phase diagram. (b)  Minimum temperatures of certain 
metals required for vapor-liquid-solid (VLS) growth of Si nanowires (V. Schmidt, Wittemann, & Gösele, 2010). 
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TABLE 1. Nanowire fabrication types and conditions 
Growth type Catalyst Gas type Si source Temperature (C) Reference(s) 
VLS Au Yes 300–600 
(Cui, Lauhon, Gudiksen, Wang, & Lieber, 2001; Westwater, 
Gosain, Tomiya, Usui, & Ruda, 1997; Yue Wu, Cui, et al., 2004; 
Zeng et al., 2003) 
VLS Fe No 1150-1200 
(S. Feng, Yu, Zhang, Bai, & Ding, 2000; N. Wang et al., 1999; D. 
Yu et al., 1998; H. Zhang et al., 1998) 
SLS Ni No 950 (Xihong Chen, Xing, Xu, Xiang, & Yu, 2003; H. Yan et al., 2000) 
SS Ni Yes 1050 (K.-H. Lee et al., 2004) 
MIG Ni No 575 (J. Kim & Anderson, 2005) 
MDG Ni Yes 320–420 (J. Kim & Anderson, 2005) 
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Numerous studies had reported nanowire can be grown in the temperature range 
of 320-600C by using gas type silicon source such as silicon tetrachloride or SiH4 with 
the presence of Au as catalyst (Cui et al., 2001; Westwater et al., 1997; Yue Wu, Cui, et 
al., 2004; Zeng et al., 2003). Fig. 2.11 shows schematic diagram of VLS growth 
mechanism. At frist the vapor phases of Si-H would react with the used catalysts of Au, 
leading to the formation of molten Au alloy catalytic droplets (schematically shown as 
step I in Fig. 2.11). With the increase of the temperature, the vapor species would 
dissolve in the formed catalyst liquid droplets, thus leading to the nucleation of Si 
nanowires (schematically shown as step II in Fig. 2.11). At the beginning of the growth 
of Si crystals, the small size of the nuclei, compared to the large catalyst droplet, would 
result in a large contact angle between the nuclei and catalytic droplet, which generates 
an outward force (F) on the nanostructure (shown as the marked area of V in Fig. 2.11).  
 
 
Fig. 2.11 Schematic illustration for the growth of nanowires with on the VLS 
mechanism (Cui et al., 2001). 
 
Otherwise, the high temperature near or above 1000C is necessary to liquefy the 
catalyst and the Si (S. Feng et al., 2000; N. Wang et al., 1999; D. Yu et al., 1998; H. 
Zhang et al., 1998). Recently, SLS synthesis using metal catalyst coated Si prevents 
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direct evaporation of Si atoms, but the results in the formation of droplets of silicon and 
metal, even under high temperature 900-950C (Xihong Chen et al., 2003; H. Yan et al., 
2000). It is also claimed that SS synthesized in 1050C by simple heat treatment in the 
growth of nanowires CH4: H2 gas mixture. In this mechanism, at the tip of the nanowire, 
the SLS mechanism  has been observed different metal particles (K.-H. Lee et al., 
2004).  
Unique growth mechanism of nanowires, metal induced growth (MIG) methods 
grown highly linear of NiSi nanowires by the solid phase reactions at 575C (J. Kim & 
Anderson, 2005). Low temperature treatment is ideal for application as a nanowire 
interconnected with the structure of the manufactured nanoscale little or no damage. 
Summary of nanowire growth type and the processing temperature are shown in Table 1. 
In this report, the surface morphology was observed by a variety of metal catalysts, and 
the MIG growth nanowire have been reported with different Ni silicide (nickel silicide, 
Ni2Si and Ni3Si2) present on the nanowires. These nanowires grown on Ni 
decomposition Ni film from the inside surface temperature range of 320-420C SiO2 
coated Si wafer (10-100 nm) through the silane gas (J. Kim, 2010). 
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Fig. 2.12 Schematic diagram and SEM image of MIG nanowire growth. (a) Groove and 
agglomeration of Ni layer by heating, (b) Clustering during Si supply, (c) Formation of 
nanofibers, and (d) Growth of nanowires (J. Kim & Anderson, 2005). 
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CHAPTER 3 
METHODOLOGY 
 
3.1  Introduction 
This chapter is organized mainly into 3 sections. The first section describes the 
HWCVD system that used for synthesis of the nanowires. Section 3.2 explains the 
experimental techniques for substrate cleaning and deposition procedures. The last 
section discusses the characterization technique used in this work. 
 
 
Fig. 3.1 Flow chart of this work. 
 
3.2  Hot-Wire Chemical Vapor Deposition  
Most of the samples in this thesis were synthesis in the home-built HWCVD 
system with the schematic diagram as illustrated in Figure 3.2(a). The system consists 
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of six parts; the vacuum chamber, plasma generator, hot-wire power supply, vacuum 
pump, valve, gas line management and substrate heating elements.  
 
View port
Hot filament
RF electrode
Substrate holder
Electrical feedthrough
(Heater & Thermocuople)
High Current Supply
Gauge
To RF supply
Gases inlet
To vacuum system  
 
 
Fig. 3.2 (a) Schematic diagram of the HWCVD reaction chamber. (b) Real picture of 
the HWCVD vacuum system.  
 
(a) 
(b) 
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3.2.1 Vacuum chamber 
This vacuum chamber for deposition made of cylindrical stainless steel show in 
Fig. 3.2(b). The vacuum chamber is well-sealed by using viton o-rings directly 
connected to a vacuum pump. The connecting tube has an air admittance valve for 
venting purposes. A glass viewport for viewing the interior of the reactor was attached 
on the body of the chamber. It also acts as a window for the optical pyrometer used to 
determine the filament temperature. A 2.5cm diameter stainless steel made substrate 
holder is designed to hold substrates. The heater rod and thermocouple are attached to 
the substrate holder which is grounded to the earth and isolated from the body of the 
reactor by quartz stands. 
 
3.2.2 Plasma generator 
Plasma generator (Fig. 3.3) is electrical equipment that employ apply high 
frequency (13.5MHz) power to produce plasma. A stainless steel electrode-cum-gas 
showerhead is installed inside vacuum chamber with the gas inlet tube and is placed at a 
distance of 5 cm from the substrate holder. The electrode is fabricated into cone-shaped 
holes. The inlet and outlet diameter of the hole is 2.2 mm and 1.0 mm, respectively, 
while the distance between holes is 1.0 cm. Precursor gas can be dispersed uniformly 
from these holes. The electrode is powered for plasma generation. It is connected to the 
RF generator via an impedance matching network. The plasma is generated between the 
powered electrode and grounded substrate holder by applying RF power. An impedance 
matching network is employed to match the load impedance of plasma to the impedance 
of the DC generator, so that the reflected power from plasma to RF generator can be 
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minimized. 
 
 
Fig. 3.3 Photograph of RF generator used. 
 
3.2.3   Hot-wire power supply 
A tungsten wire (purity of 99.95 %) filament coil serves as a hot filament for 
evaporation of metal catalyst and decomposition of source gases. The tungsten filament 
is placed on a filament holder, which is connected to a power supply. The power supply 
consists of a voltage regulator (IBC voltage regulator 1P-1kVA) with voltage ranging 
from 0 – 250 V and a step down transformer. The transformer is used to step down the 
output voltage to a range of 0 – 20 V with a maximum current of 60 A. By regulating 
the voltage supplied to the tungsten filament, different filament temperatures (Fig. 
3.4(b)). Tf can be controlled for deposition. An ammeter is connected with the voltage 
supply to measure the current flow through the tungsten filament. Tf is measured by a 
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pyrometer (Reytek, Raynger, 3i). The detector of the pyrometer is stimulated by the 
incoming infrared energy and produces a signal to the circuitry, which will process the 
signal and compute the Tf. The tungsten filament is pre-heated to remove surface 
contaminations such as carbon and other metallic elements before deposition. Pre-heat 
treatment is carried out for 10 minutes at Tf ~1600C in H2 with flow rate of 100 sccm. 
 
 
Fig. 3.4 Photograph of a process for (a) plasma treatment and (b) hot-wire 
decomposition of silane processes.  
   
3.2.4 Vacuum system 
Vacuum pump is used to remove gas molecules from a sealed volume, that will 
subsequently leave behind a vacuum condition. A rotary pump volume of the container 
is enlarged. Continue vacuum chamber indefinitely without requiring infinite growth, a 
compartment vacuum can be repeatedly closed off, exhausted and expanded. The 
simplest is a circular rotary pump rotor rotating a larger circular internal cavity. Offset 
of the centre of these two circles, causing eccentricity. Leaves can be slid into and out of 
the rotor and seal all the edges to create a blade chamber is pumped to do the work. In 
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the suction side of the pump, increasing the volume of the vane chamber and filled with 
a pressure fluid inlet forced. In the discharge side of the pump, the decrease of the 
volume of the blade chambers, thereby forcing fluid out of the pump. Rotary vacuum 
pump can reach pressures as low as 10
-3
 mbar. 
 
3.2.5 Gas supply 
Highly purified SiH4 (99.9995 %) and CH4 (99.999 %) are used as the precursor 
gas for deposition process. H2 gas with the purity of 99.999 % is used to dilute the SiH4 
and CH4 gas during deposition. In addition to it, H2 gas also serves as a precursor in H2 
plasma treatment and pre-heating of coiled tungsten filament process. Purified nitrogen 
(N2) gas (99.999 %) is mainly used for gas line cleaning, purging and SiH4 diluting in 
vacuum pump. The source gas tanks are stored in a gas room. The SiH4 gas tank is kept 
in a secured gas cabinet equipped with a control panel. The source gases are introduced 
into the vacuum chamber through the gas line (Fig. 3.5). A check valve is installed in 
each gas line to prevent the backflow of the source gas. The gas flow rate is accurately 
controlled by using a mass flow controller (MFC) with unit reading of sccm (standard 
cubic centimeters per minute). The SiH4 and CH4 gas flow rate are separately controlled 
by an AALBORG MFC in a flow rate range of 0–10 sccm. H2 gas flow rate can be 
varied from 0–100 sccm using an Aalborg Mass Flow Controller with its display meter. 
Figure 3.5 below shows the photograph of gas line in which it is use for the process of 
deposition. Gas use for deposition process is SiH4, CH4 and H2. 
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 Fig. 3.5 Photograph of the gas line. 
 
3.2.6 Heating supply 
In order to prepare sample, relatively higher substrate temperature than those of 
film deposition are required to activate the metal catalyst or form a metal-Si alloy. 
Substrates are heated to 450C. The heating element of the CVD system is constructed 
based on this temperature requirement. A Watlow Fire Rod SFMH80 A-4183 heater 
cartridge is employed for substrate heating (Fig. 3.6), which operates within 
temperature limit of 500C. The heater cartridge is clamped in between of the substrate 
holder, so that heat can be transferred from the stainless steel substrate holder to the 
substrate. The temperature controller is connected to a thermocouple (Maltec-T type K 
thermocouple), installed at the bottom of the substrate in the vacuum chamber. The 
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thermocouple is used to directly measure the temperature of the substrate. 
 
(a)
(b) (c)
Temperature 
controller Voltage 
regulator
Heater 
rod
Thermo-
couple
 
Fig. 3.6  Real pictures of (a) Temperature controller and voltage regulator panels, (b) 
heater rod and (c) Thermocouple. 
 
3.3 Experiment Method  
Experiment method includes 4 steps. First clean c-Si and glass substrates. Then 
The tungsten filament need be pre-heated to remove surface contaminations. The 3rd 
step is deposited on the surface of substrates. At the last grow nanowires by HWCVD 
system. 
 
3.3.1 Substrates cleaning 
The c-Si and glass substrates were cleaned repeatedly by following the RCA-I and 
II cleaning procedures before it is being introduced into the reactor (Kern, 1970). The 
solvents involved hydrochloric acid (37 % HCl, M = 36.49 g/mol, diluted in H2O2 and 
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deionized (DI) water in a ratio of 1:1:6), ammonia (25 % NH4OH, M = 17.03 g/mol, 
diluted in H2O2 and DI water in a ratio of 1:1:5). HCl can be used to remove residual 
metal contaminations, such as Al, Mg and Zn. NH4OH can be used to remove organic 
contaminations and dissolved metal (Au, Ag, Cu, Ni, Cd, Co and Cr) contaminations.  
Glass substrates were cleaned using decon 90, acetone (C3H6O, M = 58.08 g/mol), 
ethanol (C2H5OH, M = 46.07 g/mol). The glass substrates were immersed in a beaker 
containing decon 90 solution and sonicated in ultrasonic bath for  20 minutes to 
remove oil and gross dirt contaminations. This was followed by rinsing in acetone; 
ethanol and DI water subsequently to remove organic impurities such as the 
hydrocarbon dried by N2 purging. 
 
3.3.2 Pre-heating filament 
The tungsten filament (Fig. 3.7 (a)) is pre-heated to remove surface 
contaminations such as carbon and other metallic elements before deposition. The 
pre-heat treatment is carried out for 10 minutes at Tf ~1600C in H2 with flow rate of 
100 sccm. Both for Ni evaporation and deposition process required a pre-heated 
tungsten filament. Fig. 3.7(b) shows the setup of the filament which is hold by the 
filament electrode. 
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(a)                                      (b) 
Fig. 3.7 (a) Photograph of tungsten Filament. (b) Photograph of setup of filament for 
nickel evaporation and deposition processes. Filament is placed in a filament electrode. 
 
3.3.3 Ni evaporation 
At the beginning a layer of nickel about 40 nm was deposited on the substrates. 
Nickel was used as a catalyst to induce the growth of the nanowires. A 1 mm x 6 mm 
nickel (purity of 99.999 %) was used as the source of evaporation. The nickel piece was 
tightly hung onto the coiled filament. The evaporation was carried out at filament 
temperature about 1600C for 5 min with H2 flow rate of 100 sccm. Figure 3.8 (a) 
shows the substrate holder where all the substrate is place for Ni evaporation process 
while Figure 3.8 (b) shows the Ni coated on glass substrates. 
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(a) 
 
(b) 
Fig. 3.8 (a) Schematic diagram of Ni evaporation process. (b) Photograph of the Ni 
coated on glass substrates.  
 
3.3.4 Deposition 
Nanowires were prepared on Ni coated substrates by a home-built HWCVD 
system. The Ni film thickness about 40 ±5 nm was deposited on the heated substrates in 
a vacuum condition. Prior to deposition, the Ni films were treated by atomic hydrogen 
plasma for 10 minutes (Fig. 3.9a). The substrate temperature, pressure, hydrogen 
flow-rate and radio-frequency (RF) power for plasma treatment were fixed at 450C, 
0.75 mbar, 100 sccm and 5 W respectively. During the deposition, the filament 
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temperature varied from 1100 to 1950C, respectively. The filament temperature was 
measured using a pyrometer model Reytek, Raynger 3i. The filament to substrate 
distance was fixed at 2 cm. The SiH4, CH4 and H2 flow-rates were fixed at 1, 2 and 100 
sccm, respectively (Fig. 3.9b). The deposition temperature was remained at 450C and 
the deposition pressure was increased to 3 mbar and kept at 3 mbar for the whole 
deposition process (TABLE 2). 
 
Plasma
H2
Substrate
Heater
RF electrode
0.2 m
Hot-
filament
SiH4+CH4+H2
Substrate
Heater
0.5 m
 
(a)                               (b) 
Fig. 3.9 (a) Plasma treatment process to form Ni nano-island (b) Decomposition of gas 
precursors (SiH4, CH4, H2) during deposition process. 
 
TABLE 2: Deposit parameters in this work. 
Parameter Value 
Substrate type c-Si glass 
Deposition pressure 3 mbar 3 mbar 
Substrate temperature 450 ˚C 450 ˚C 
Filament temperature 1000 ~ 1900˚C 1000 ~ 1900˚C 
Silane (SiH4) flow-rate 1 sccm 1 sccm 
Methane (CH4) flow-rate 2 sccm 2 sccm 
Hydrogen (H2) flow-rate 100 sccm 100 sccm 
Deposition time 5 minutes 5 minutes 
Substrate to filament distance 2 cm 2 cm 
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3.4 Characterization Technique 
3.4.1 Scanning electron microscope (SEM) 
The SEM is perhaps the most routinely utilized instruments for the 
characterization of nano-materials. With an SEM it is possible to obtain secondary 
electron images of organic and inorganic materials within nanoscale resolution by 
allowing topographical and morphological studies to be carried out with the use of 
canning electron beam across a surface and monitoring the secondary electrons emitted. 
Morphology study for the FESEM images of the nanowires in this study were obtained 
by using a Hitachi SU 8000 SEM at low electron accelerating voltage of 2 kV. A 
schematic diagram of this SEM is shown in Fig. 3.10. 
 
 
Fig. 3.10 Hitachi SU 8000 SEM picture and schematic diagram of SEM 
("Characterization Techniques for Nanomaterials," 2008). 
 
3.4.2 Energy dispersive X-ray (EDX) 
Energy dispersive X-ray (EDX) spectroscopy uses an incident electron to eject an 
orbital electron and thus ionized the atom. Then, an electron from an outer electron 
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orbital will fill into the vacant shell immediately to resume the steady state. An excess 
energy is produced in this process during electron transition and an x-ray is emitted. 
Due to the reason where the difference in energy between two orbitals takes on a value 
unique to the element, the energy of the emitted x-ray is also unique to the element. 
Hence, this X-ray is called a “characteristic x-ray”, which is used for elemental analysis. 
Fig. 3.12 show Schematic diagram of EDX. The spectrum was collected by Hitachi SU 
8000 at 15 kV. The working distances for the imaging and EDX were fixed at 8 mm and 
15 mm respectively. 
 
Fig. 3.11 Schematic diagram of EDX basic principle. (a) Generation of characteristic 
X-ray in sodium (Na) atom model. (b) X-ray schematic diagram ("Characterization 
Techniques for Nanomaterials," 2008). 
 
3.4.3 Transmission electron microscope (TEM) 
In a TEM, a beam of focused high energy electrons is transmitted through a thin 
sample to reveal information about its morphology, crystallography, particle size 
distribution and its elemental composition. This technique is capable in providing 
atomic-resolution lattice images, as well as giving chemical information at a spatial 
resolution of 1 nm. Due to the reason where the unique physical and chemical properties 
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of nanomaterials are not only depend on their composition, but also on their structures, 
TEM can serve as a powerful tool for characterizing and understanding such structures. 
TEM is unique as it can be used to focus on a single nanoparticle in a sample, and 
directly identify and quantify its chemical and electronic structure. Perhaps the most 
important application of TEM is the atomic resolution real-space imaging of 
nanoparticles (Lin, Lu, Tu, & Ren, 2004). TEM and HRTEM images of the nanowires 
were obtained by means of a TEM (JEOL JEM-2100F) with an accelerating voltage of 
200 kV. Elemental analysis and mappings for the nanowire were carried out by using 
STEM/HAADF and Oxford EDX detectors.  
 
 
Fig. 3.12 JEOL JEM-2100F TEM picture and schematic diagram of TEM 
("Characterization Techniques for Nanomaterials," 2008). 
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3.4.4 X-Ray diffraction (XRD) 
XRD involves monitoring the diffraction of X-rays after they interact with the 
sample. It is a crystallographic technique used for identifying and quantifying various 
crystalline phases that present in solid materials and powders. In XRD, the crystal 
structure can be determined as well as the size of grains and nanoparticles. When X-rays 
are directed at a regular crystalline sample, a proportion of them are diffracted to 
produce a pattern. From such a pattern the crystal phases can be identified by 
comparison to those of internationally recognized databases (such as International 
Center of Diffraction Data ICDD) that contain reference patterns. In current study, 
crystalline characteristics the sample can analyzed by using a SIEMENS D5000 X-ray 
diffractometer in the 2 range from 20° to 80° at a fixed grazing incidence angle of 5°. 
The step time and step size of the scanning were fixed to 3 seconds and 0.02°, 
respectively.  
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Fig. 3.13 Schematic diagram of XRD ("Characterization Techniques for 
Nanomaterials," 2008). 
 
3.4.5 Raman spectroscopy  
Phase analysis for Raman spectra of the thin film samples were recorded by using 
an InVia Raman microscope (Fig. 3.15a) with a charge-coupled device detector and a 
grating of 2400 lines/mm. The argon ion laser with an excitation wavelength and laser 
power of 514 nm and 10 mW respectively, was used. Similarly, the optical properties of 
the sample were measured spectrometer. Raman spectroscopy is based on monitoring 
the intensity and wavelength of light that is scattered inelastically from molecules or 
crystals (Fig. 3.15b). It is suitable for characterizing organic and inorganic samples. In a 
Raman experiment, a sample is irradiated with light of known polarization and 
wavelength (generally in the visible or infrared ranges). Inelastic (or Raman) scattering 
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occurs and the scattered light is wavelength-shifted with respect to the incident light. 
The spectrum of the scattered light is then analyzed to determine the changes in its 
wavelength. Raman spectroscopy is a powerful analytical tool for qualitatively and 
quantitatively investigating the composition of materials.  
 
 
Fig. 3.14  InVia Raman microscope picture and representation of Raman scattering 
("Characterization Techniques for Nanomaterials," 2008). 
 
3.4.6  I-V measurement 
A KEITHLEY Model 236 Source Measure Unit (Fig. 3.16a) instrument was used 
to measure the I-V characteristics of the nanowires. This instrument address a wide 
variety of applications, including the characterization of semiconductor devices and the 
measurement of leakage currents or insulation resistance. Samples use silver paste and 
electrode pins to connect with the source measure unit (SMU) (Fig. 3.16b). The range of 
I-V measurement from -4V to +4.5V (sweep rate is 0.1V). 
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Fig. 3.15  (a) KEITHLEY Model 236 source measure unit and (b) electrode pins. 
 
The schematic diagram of the cross-sectional view for the fabricated Si-based 
nanowire heterojunction is shown in Fig.3.16. one of electrode connected to shell of 
nanowires. Another electrode connected to NiSi layer. And it also connected to the core 
of nanowires.  
 
Silver 
nanowires
Nickel 
Silicide
SiO2
Si
(a)
 
Fig. 3.16  A schematic diagram of the fabricated Si-based nanowires heterojunction 
structure and the electrodes configuration. 
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CHAPTER 4 
RESULTS AND DISCUSSIONS 
 
4.1 Effects of filament temperature on substrate surface temperature 
Figure 4.1 shows the variations of substrate temperature and substrate surface on 
Si and glass substrates with filament temperature during the deposition. The substrate 
temperature, Tb is referred to the measured temperature on the bottom surface of the 
substrate while the surface temperatures are measured on surface of the substrate for 
c-Si (Ts) and glass substrates (Tg) respectively. As can see from the figure, the Ts and Tg 
show significant higher temperature compared to the Tb. According to literature, 
thermal irradiation from hot-filament easily inducing additional heat effects on the 
substrate surfaces. However, the decomposition of SiH4, CH4 and H2 in HWCVD 
processes involving radicals mainly of SiH3, CH3 and H. The H radicals have been 
reported to highly dependent on the heating effect on substrate surface. Therefore, the 
higher temperatures of the substrate surfaces are attributed to hydrogen assisted thermal 
effect. 
The surface temperature demonstrated an obvious increment with increase of the 
filament temperature. The Tb showed a slight increase for the filament temperature at 
1950C. Increase in filament temperature enhances the decomposition rate of the 
radicals especially H radicals. Thus large flux of H radicals impinges on the substrate 
surfaces and consequently rising the surface temperature. Moreover, the Tg shows a 
slightly higher temperature compared to Ts. This is attributed to the lower heat 
dissipation in glass substrate as compared to the c-Si substrate. 
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Fig. 4.1 Variations of substrate temperature and substrate surface on Si and glass 
substrates with filament temperature. 
 
4.2 Surface morphologies of nanowires 
The surface morphologies of Si-based nanowires prepared by HWCVD at 
different filament temperatures on crystal Si substrates are demonstrated in Fig. 4.2. At 
1150C, short NiSi nanowires are found to grow uniformly and will-distributed on the 
SiO2 surface. These short nanowires with the estimated average diameter of 20 nm were 
grown on top of conical-like solid particles (as shown in the inset). This would be the 
bud for the core nanowire in growing of core-shell nanowires at the high filament 
temperatures [Fig. 4.2(b) ~ (f)]. 
At low filament temperature of 1150C, there is almost no decomposition of 
SiH4, CH4 and H2 by hot-filament. Therefore, the impinging of these molecules on the 
surface of Ni nanoparticles at substrate temperature of 450C was catalytically 
decomposed by Ni nanoparticles. Diffusion of the Si-rich species into the Ni 
nanoparticles induces the growth of these buds of the NiSi nanowires. 
The growth of these NiSi nanowires could follows the nucleation limited silicide 
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reaction which has been described by Kim et al. (J. Kim & Anderson, 2005). Increase in 
filament temperature to 1450C, high density of rod-like Si nanowires is clearly 
presented in Fig. 4.2(b). These nanowires demonstrated a grainy surface morphology as 
demonstrated in the inset figure. The estimated average diameter and length of these 
nanowires are typically 400 nm and 2 m respectively that measured in Fig. 4.2. 
At filament temperatures 1450C and above, the hot-filament is able to 
decompose the SiH4 and H2 efficiently (Tange et al., 2001). High decomposition rates 
of SiH4 and H2 lead to deposition of high density of Si-rich species onto the surface of 
Ni nanoparticles. This increases the diffusion of Si-rich species into the Ni nanoparticles 
thus enhances the precipitation of Si nanowires. On the other hand, deposition of the 
decomposed radicals mainly SiH3 on the sidewalls of the nanowires leads to the radial 
growth of the Si grains as shown by the grainy morphology in the figure. This 
morphology is significant for the nanowires at 1650C. 
Further increase in filament temperature to 1750C and above has resultant in 
drastical changes in the morphology of the nanowires. These nanowires demonstrated a 
smooth surface and irregular array. Furthermore, these nanowires exhibited longer and 
slimmer in length and diameter, respectively. At filament temperature of 1750C, the 
estimated average diameter and length are 70 nm and 4 m respectively. As presented 
by Dasgupta et al. (Tange et al., 2001), filament temperature above 1750C 
demonstrated sufficiently decomposition of SiH4, H2 and CH4 molecules. In this case, 
additional diffusion of the C-rich species could easily limit the radial growth of Si 
nanocolumns which has been reported in our previous work (Chong, Dee, Yahya, & 
Rahman, 2013; Chong et al., 2011). The formation of SiC as a shell layer could easily 
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prevent the growth of the nanowires radially. Therefore, these nanowires show 
whisker-like nanowires with small in diameter as compared to the Si nanowires grown 
at 1450C. 
Furthermore, it is worth noticeably that the nanowires demonstrated branched 
nanoneedles at the stem of the nanowires that have bean grown at 1850C. The 
formation of these branched nanoneedles seems to be grown on the NiSi particles on the 
sidewalls of the nanowires. The formation of the NiSi nanoparticles could be due to the 
out-diffusion of NiSi from the core of nanowires. The out-diffusion of the metal 
catalysts during the growth of nanowires has been observed also by Hannon et al. 
(Hannon, Kodambaka, Ross, & Tromp, 2006). The estimated average tip radius of the 
sharp nanoneedles is about 5 nm. These hierarchical ultra-sharp nanoneedles on the 
sidewalls of the nanowires can provide an extremely strong local field effect in field 
emission application. 
At last, when the filament temperature is adjusted to 1950C the diameter of 
nanowires increase to 150 nm and the surface become more smooth. 
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Fig. 4.2 FESEM images of the Si-based nanowires synthesis by HWCVD on silicon at 
different filament temperatures (a) 1150C, (b) 1450C, (c) 1650C, (d) 1750C, (e) 
1850C, (f) 1950C. Insets show the high magnification image of the nanowires. (Insets 
bar is 500 nm). 
 
The nanowires grown on glass substrates at different filament temperatures are 
shown on Fig. 4.3. These nanowires exhibit a similar change with the nanowires grown 
on c-Si substrates in the variation with filament temperature. At low filament 
temperature of 1150C, the nanowires demonstrated similar morphology as the 
nanowires grown on c-Si substrates. The thin nanowires grow into a larger diameter as 
rod-like nanowires at filament temperature of 1450~1650C. At higher filament 
temperatures of 1750C and above turns the nanowires into the NiSi/SiC core-shell 
heterostructures. Then crystal structure show the top of nanowire with filament 
temperature increase to 1950C. Owing to the relatively high thermal resistance of glass 
substrate as compared to the c-Si substrate, the increase in surface temperature due to 
the hydrogen heat assisted transfer, on glass substrate is higher than c-Si substrate [Fig. 
4.2]. As a result, the surface mobility of the growth increases and therefore enhances the 
surface diffusion of the growth species. This eventually leads to the film growth 
55 
 
conditions instead of growing nanowires. 
 
 
Fig. 4.3 FESEM images of the nanowires synthesis by HWCVD on glass at different 
filament temperatures. (a) 1150C, (b) 1450C, (c) 1650C, (d) 1750C, (e) 1850C, (f) 
1950C. Insets show the high magnification image of the nanowires. (Insets bar is 500 
nm). 
 
Fig. 4.4 show the variations of nanowire diameter on c-Si and glass with 
different filament temperature. The diameters of nanowire on c-Si substrate (Ds) and on 
glass (Dg) are measured by SEM result. At low filament temperature of 1150C, small 
buds of the NiSi nanowires growth with diameter about 20 nm. Then the diameter of 
nanowire increase sharply to the top of the curve, formed nanowires with diameter more 
than 300 nm. It is observed that diameter of nanowire on glass is more big than it on 
c-Si.. 
At the filament temperature higher than 1450C, the diameter decrease with 
filament temperature. The nanowire with the smallest is estimated diameter to be 70 nm 
when filament temperature of 1850C. Therefore, the diameter increases again at 
filament temperature of 1950C. 
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Fig. 4.4 Variations of nanowire diameter with filament temperature on silicon and glass 
substrate. 
 
4.3 Cross-sectional view study 
The cross-section FESEM images of typical nanowires prepared at filament 
temperature above 1850C are show in Fig. 4.5. These images show more detailed 
information including the surface topography, compositions and internal structure of the 
nanowires. Fig. 4.5(a) shows secondary electron image that clearly presented the 
nanowires grown on top of NiSi/SiO2/c-Si. The used of SiO2 is to prevent the diffusion 
of Ni into the c-Si substrate when the substrate was heated to a temperature above 
350C. The estimated thickness of the NiSi layer is about 140 nm. Increase in thickness 
of the deposited Ni layer is due to the diffusion of Si and C into the Ni nanoparticles 
thus forming NiSi layer. This NiSi subsequently catalyzed the growth of the Si and 
NiSi/SiC core-shell nanowires at filament temperatures of 1450 and 1850C, 
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respectively. 
As can see from the figure, the nanowires grown in vertically aligned however 
the alignment of the nanowires is not uniform when it’s grown longer. Moreover, the 
surface of the nanowires is smooth and less granny as compared to the Si nanowires 
grown at 1450C (inset of Fig. 4.2(b)). The backscattered electron image of the 
cross-section nanowires is illustrated in Fig. 4.5(b). The images showed presence of 
bright particles stick on the surface of the nanowires. Generally, the BSE (backscattered 
electron) image was used to illustrate the distribution of heavier elements that were 
presented on the surface of the nanostructures. The high density of metals gave a 
significant contrast compared to the matrix in the BSE image. Apparently bright 
particles on the surface of the nanowires reveal the presence of NiSi nanoparticles. 
These NiSi nanoparticles were found randomly distributed on surface along the 
nanowires. The formation of these NiSi nanoparticles could be due to the out-diffusion 
of NiSi from the core of the nanowires during the growth process. These NiSi 
nanoparticles are deduced to serve as a solid catalyst that inducing the growth of the 
hierarchical ultra-sharp nanoneedles on the sidewalls of the nanowires as mentioned 
above. 
Fig. 4.5(c) demonstrates a backscattered electron signal of the nanowires that 
detected by external photo-diode backscattered electron (PDBSE) detector. By applying 
higher electron accelerating voltage of 15 kV, the internal structure of the nanowires can 
be clearly observed through the image as shown in the inset figure. Furthermore, the 
compositions distribution also can be significantly illustrated by the PDBSE image. The 
PDBSE image clearly revealed heterostructure core-shell nanowires, where the core and 
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shell are attributed to NiSi and SiC respectively. Moreover, the NiSi core can be clearly 
presented along the nanowires from the root to the tip. The formation of the NiSi 
nanoparticles also clearly presented on the surface along the nanowires. On the other 
hand, these nanowires are grown on top of NiSi layer and the core nanowires are tightly 
connected to the NiSi layer, which could be a good electrical contact for energy storage 
applications such as lithium-ion batteries and micro-supercapacitor electrodes. An 
extremely large surface area of the nanowires is expected to enhance the performance of 
these devices. 
 
 
Fig. 4.5 Cross-sectional view of FESEM images of the nanowires prepared by HWCVD 
at filament temperature of 1850C. (a) secondary electron (b) backscattered electron 
signals (c) backscattered electron signal collected by a photo-diode backscattered electron 
(PDBSE) detector that attached to the SEM. Insets figures present high magnification of 
the FESEM images. 
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4.4 Microstructure study 
The microstructures of the nanowires were investigated by HRTEM and the 
result for the samples that have been grown at filament temperatures of 1450 and 
1850C are show in Fig. 4.6 and Fig. 4.7, respectively. These nanowires were prepared 
on top of a carbon film that has been supported by a TEM copper-grid as demonstrated 
in the TEM images. 
According to Fig. 4.6, the nanowire exhibits a flower-like morphology with a 
core-shell structure. The formation of the flower branches implies that the radial growth 
has take place which transform into nanocolumns and ultimately led to the branching 
topology. The diameter and thickness of the core and shell are estimated to be 10 and 
130 nm, respectively. There is no obvious tapered morphology observed on the 
nanowire, which indicates that the shell was grown along the axis of the nanowires that 
are parallel with the core. 
Fig. 4.6(b) shows a HRTEM image that was obtained at the sidewall of 
nanowire, which reveals a polycrystalline structure of the nano columns. The estimated 
spacing was estimated to be approximately 0.31 nm, which is corresponds to Si (111) 
crystallographic plane [JCPDS card no: 78-2500]. The crystal orientation is further 
revealed by the Fast Fourier Transform (FFT) as shown in the inset image. 
The polycrystalline Si that formed nanocolumns can be observed in Fig. 4.6(d). 
The estimated diameter of these nanocolumns is approximately to be in the range 
between 20 and 24 nm. The formation of these nanocolumns follows the preferred 
orientation of Si (111) crystalline plane and also the growth direction as well. 
Furthermore, a thin amorphous layer can be clearly observed on the outer layer of the 
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nanowire, which indicates the indicating a formation of thin amorphous SiOx that could 
be attributed to an oxidation on the nanowire surface after exposed to ambient. The 
estimated thickness of the amorphous SiOx layer was approximately 3.4 nm. 
Fig. 4.6(c) depicts a HRTEM image along the edge of the core for a nanowire, 
which clearly reveals a single crystalline core and a polycrystalline shell heterostructure. 
The lattice spacing is approximately estimated to be 0.33 nm and well, correspond to a 
crystallographic plane of Ni3Si2 (112) orientation [JCPDS card no: 89-7167]. This 
indicates that the core of the nanowires was actually formed by a single crystalline 
Ni3Si2 nanowire. The single crystalline Ni3Si2 structure of the core of nanowire was 
further revealed by an FFT as shown in the inset. Furthermore, the FFT result reveals 
the growth of these Ni3Si2 core nanowires are oriented along the (112) crystal plane. 
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Fig. 4.6 (a)TEM morphology of the NiSi/Si core-shell NWs prepared at filament 
temperature of 1650C. (b) and (d) HRTEM image of the NWs enlarged from the frame 
in. (c) show TEM image of the side wall structures of the NWs.  
 
Fig. 4.7 shows that the nanowire also exhibits a clearly core-shell structure. The 
radial growth shell is more dense and thinner than in Fig. 4.6. The diameter and 
thickness of the core and shell are estimated to be approximately 10 and 30 nm 
respectively. Fig. 4.7(b) shows a HRTEM image obtained at near the sidewall of the 
nanowire, which reveals a polycrystalline structure of the nano columns. The estimated 
lattice spacing was approximately 0.25 nm corresponds to SiC (111) crystallographic 
plane [JCPDS card no: 29-1129]. This crystallite orientation was further revealed by the 
Fast Fourier Transform (FFT) as shown in the inset. Fig. 4.7(d) depicts a HRTEM 
image scanned near the edge of the core of the nanowire clearly revealing a single 
crystalline core and a polycrystalline shell heterostructure of the nanowire. The 
estimated lattice spacing is approximately 0.19 nm which is well-corresponds to a 
62 
 
crystallographic plane of NiSi (121) orientation [JCPDS card no: 70-2626]. The single 
crystalline NiSi structure of the core of nanowire was further revealed by an FFT image 
as shown in the inset. Furthermore, the FFT result reveals the growth of these Ni3Si2 
core nanowires are oriented along the (021) crystal plane. 
 
 
Fig. 4.7 (a) TEM morphology of the NiSi/SiC core-shell NWs prepared at filament 
temperature 1850C. (b) and (d) HRTEM image of the NWs enlarged from the frame in 
(a) show a insert particle inside the NW. 
 
4.5 Compositions studies of a single nanowire by EDS elemental mappings 
The compositions of a single nanowire were investigated by using STEM/EDS 
mappings with a HAADF detector, as illustrated in Fig. 4.8. Fig. 4.8(a) shows a 
dark-field STEM image of a single nanowire with a clear core-shell structure. This 
image area was used for the EDS elemental mappings. The compositions of the 
nanowire are demonstrated by the EDS maps as shown in Figs. 4.8(b) to (e) that 
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correspond to the C, Ni, Si and O respectively. 
From these maps, the core-shell nanowire is mainly consisted of C, Ni and Si. 
Little O was appeared in the O map indicates that the formation of thin layer of 
amorphous SiOx that is due to the oxidation effect on the nanowire surface. The Ni was 
clearly revealed in the Ni map that implies the NiSi core nanowire. Appearance of 
uniformly distribution of the Si and C along the length of the nanowire in their 
respective maps supports the formation of SiC shell nanowire. It is worth notice that the 
Ni and Si maps reveal the compositions of the NiSi nanoparticles formation at the root 
of the nanowire due to the NiSi out-diffusion. This can be clearly presented in the 
bright-field image, and the elemental maps of Ni and Si. 
 
 
Fig. 4.8 (a) Bright-field TEM image of a single nanowire, (b) ~ (e) EDS element maps 
of the core-shell nanowire. 
 
4.6 Phases and orientation studies 
Fig. 4.9 shows the XRD patterns of the nanowires prepared on c-Si substrates at 
different filament temperatures. The samples demonstrated mainly the presence of three 
major phases of crystalline nickel silicide which include NiSi, Ni2Si and Ni3Si2 in the 
64 
 
sample. Crystalline NiSi with the orientation of (211) plane seems to be dominant 
among the phases. This indicates that the NiSi core could be in (211) growth direction. 
Instead of NiSi, other phases of NiSi could be from the NiSi nanoparticles that presence 
on the surface along the nanowires. Since the formation of the NiSi nanoparticles is 
random therefore its cause to the formation of different crystalline planes. 
Furthermore, crystalline Si peaks were observed at diffraction angles of 28.4 and 
56.3 which are correspond to crystalline Si (111) and (311) planes respectively. At 
highest filament temperature of 1850C, a small and broad peak was detected at 
diffraction angle of 35.7 which attributed to crystalline 3C-SiC with a crystalline 
orientation of (111) plane. The crystalline size of the SiC nano-crystallites can be 
estimated by using Scherrer’s equation as D=kλ/(βcosθ), where k λ, β and θ are 
corresponding to the Scherrer’s constant (0.9), wavelength of X-ray (1.5089 Å), 
full-width half-maximum of the diffraction peak and Bragg angle of the diffraction peak 
respectively (Goh, Wah, Aspanut, & Rahman, 2014). The average crystallite size of the 
SiC nano-crystallites is about 3 nm. By rough estimation from the PDBSE image, the 
diameter of the core and shell is about 7 and 70 nm respectively. Therefore, the 
presence SiC nano-crystallites most probably embedded within an amorphous matrix in 
the shell of the nanowires. 
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Fig. 4.9  XRD spectra of the nanowires prepared by HWCVD at different filament 
temperatures. 
 
The percentage of phases presented in the samples prepared at different filament 
temperatures are determined by obtaining their areas using Gaussian fitting method 
( Fig. 4.10 ). At lowest filament temperature of 1150C, the sample mainly consisted on 
NiSi phase with a little amount of crystalline Si phase. At this filament temperature, 
there is no decomposition of SiH4 and CH4 by hot-filament. Diffusion of the SiH4 
molecules on the Ni nanoparticles was decomposed by the Ni nanoparticles catalytically. 
However, the catalytically decomposition usually happened at a very low 
decomposition rate of SiH4. Therefore, only small amount of crystalline Si phase has 
been observed and the formation of the NiSi phase is most dominant through the 
diffusion of Si into the Ni nanoparticles. 
With increased of the filament temperature to 1450C, most of the NiSi phase 
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are converted to Ni3Si2 and the percentage of crystalline Si phase increases. This could 
be the reason for the growth of Si nanowires which catalyzed mainly by Ni3Si2 phase. 
Then at high filament temperature of 1650C, the percentage of NiSi and Si phases 
increase cause of SiH4 decomposed rate increase. Further increase in filament 
temperature up to 1750C allows the SiC and Ni2Si phases to be appeared. At this 
filament temperature, the filament was capable to decompose the CH4 molecules and 
the decomposition rate of CH4 increases with further increase in filament temperature 
above 1750C. Then filament temperature increase to 1850C, the Ni3Si2 phase 
decreased with increase of Ni2Si and SiC phases. The conversion of Ni3Si2 to Ni2Si may 
be due an increase of surface temperature which is attributed to the hydrogen assisted 
heat transfer from the hot-filament at temperature of 1850C. 
Furthermore, high decomposition rate of CH4 leads to the diffusion of the C-rich 
species into the NiSi nanoparticles subsequently forms SiC layer radially. Formation of 
these Ni2Si and SiC phases eventually precipitated as Ni2Si core and SiC shell of the 
heterostructures nanowires. Increase in surface temperature increases the solubility of C 
into the NiSi nanoparticles thus relatively reduces the amount of Si in the NiSi phase 
(50 % of Si in NiSi at 1150C, 40 % of Si in Ni3Si2 at 1450C, and 33 % of Si in Ni2Si 
at 1850C). This would eventually results to the thin and long whisker-like nanowires 
due to the formation of the SiC shell layer which limited the radial growth of Si 
nanocolumns. At highest filament temperature of 1950C, the Ni2Si phase disappeared 
with increase of other phases (Si, SiC, Ni2Si and NiSi). High surface temperature due to 
the hydrogen assisted heat transfer effect had lead to the fully conversion of Ni2Si to 
other Si related phases. 
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Fig. 4.10  Weight percentage of phases presented in the samples prepared by HWCVD 
at different filament temperatures. 
 
4.7 Structural properties study 
The Raman scattering spectra of the nanowires prepared on different substrates 
and at different filament temperatures are shown in Fig. 4.11. These Raman spectra are 
mainly consist of NiSi, Si and SiC excitation bands. Fig. 4.11(a) and (b) show Raman 
excitation bands of NiSi at filament temperature of 1150C for the samples that had 
been prepared on c-Si and glass substrates. The excitation bands of NiSi phases are 
located at 196, 213, 295 and 367 cm
-1
. A small Raman excitation band appeared at 520 
cm
-1
 corresponds to transverse optical (TO) of crystalline Si which is attributed to the 
Raman excitation band of c-Si substrate. With increasing the filament temperature up to 
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1450C and 1650C, a sharp crystalline Si (TO) excitation band near to 520 cm-1 is 
clearly shown in the Raman spectra for both substrates. The full spectra of the 
crystalline Si (TO) excitation band are shown in the insets of Figs. 4.11(c) and (d). 
Obviously, the appearance of these crystalline Si (TO) bands is attributed to the Si 
nanowires instead of c-Si substrate since the crystalline Si (TO) band also shown for the 
samples prepared on glass substrate. Furthermore, other Si phases are also clearly 
observed at 150, 300 and 960 cm
-1
 which are correspond to the transverse acoustic (TA), 
longitudinal acoustic (LA), longitudinal optical (LO), and second order of TO (2TO) for 
amorphous Si vibrational modes respectively (Tong, Muhamad, & Rahman, 2012). The 
excitation band at around 620 cm
-1
 could probably relate to Si-H vibration mode of 
hydrogenated amorphous Si. The dominant phase of crystalline Si component with 
small amount of its amorphous component implies the crystalline Si core and 
amorphous Si shell of these heterostructures core-shell nanowires. The growth of these 
heterostructures NiSi/Si core-shell nanowires have been reported previously. At highest 
filament temperatures between 1750 and 1950C, all the Si excitation bands almost 
disappeared with presence of SiC bands at 780 and 910 cm
-1
 that correspond to TO and 
LO of SiC vibrational modes respectively. This reveals formation of 3C-SiC 
nano-crystallites embedded within an amorphous matrix. Owing to the heterostructures 
of NiSi/SiC core-shell nanowires, thus these SiC nano-crystallites probably embedded 
within an amorphous SiC shell. The appearance of D and G bands at 1300 cm
-1
 and 
1600 cm
-1
 respectively, for the samples at 1650 [Fig. 4.11(c)] and 1850C [Fig. 4.11(f)] 
indicates a formation of C components on the nanowires which could be due to the 
sufficient decomposition of CH4 in the gas-phase reactions at hot-filament temperature 
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above 1600C. 
 
Fig. 4.11 Raman scattering spectra of the nanowires prepared by HWCVD at different 
filament temperatures. (a), (c) and (e) is filament temperature 1150C ~ 1950C on 
silicon substrates. (b), (d) and (f) is filament temperature 1150C ~ 1950C on glass 
substrates. 
 
4.8 Optical properties study by photoluminescence emission spectra 
The optical properties of the nanowires were studied by using 
photoluminescence emission. Fig. 4.12 shows the PL spectra at different nanowires 
grown on the silicon filament temperature by HWCVD. The photoluminescence 
spectrum has been measured by the excitation source He-Cd laser. Photons have been 
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detected wavelength range 400 to 900 nm, which covers the entire visible region PL 
emitted broad spectrum. The PL spectra of Gaussian decomposition components are 
shown in Fig. 4.12. These decomposed PL emission spectra consist of 5 components 
located 450, 525, 600, 690 and 760 nm. 
 There are two strong emission bands centred at around 600 and 690 nm and 
three small emission bands at around 450, 525 and 760 nm. The emission bands in the 
range of 650-800 nm is reported to be originated from the quantum confinement effect 
of the Si nano-crystallites embedded with an amorphous matrix (Ali, 2007; XY Chen et 
al., 2005; Iacona, Franzò, & Spinella, 2000). The emission band in the range of 550-650 
nm is generally referred to the emission due to the oxygen related defects and/or to 
surface and interface effects (Dinh, Chase, Balooch, Siekhaus, & Wooten, 1996; Iacona 
et al., 2000; Inokuma et al., 1998). Si nanocrystallites create an intermediate state in the 
formation of NC-Si/SiO2 interface, the electron-hole radiative recombination, resulting 
in emission in the visible region strongly. Has been described according to the quantum 
confinement effect by Trwoga model (Trwoga, Kenyon, & Pitt, 1998). There are silicon 
nanocrystals that diameter less than 10 nm matrix embedded in amorphous shell, so it 
leads a widened band gap than bulk crystal Si (1.12 eV at room temperature), and at Tf 
1850C appear two small peaks in visible range at 450 and 525 nm indicate fluorescent 
silicon carbide nanostructures emissions (Liang et al., 2000; D.-H. Wang et al., 2008; Xi 
et al., 2005). The peak at 450 nm is comparable to the PL emissions from SiC 
nanowires (Liang et al., 2000; D.-H. Wang et al., 2008) or crystalline SiC nanoparticles 
(Xi et al., 2005). As a summary, the various PL emissions from the nanowires have 
revealed that the PL emissions strongly depend on the quantum confinement effects 
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attributed to size of the nano-crystallites embedded in the nanowires. 
 
 
Fig. 4.12 Photoluminescence (PL) spectra for the nanowires on silicon substrate at 
different filament temperatures. 
 
4.9 Electrical properties study 
Fig. 4.13 shows the I-V measurement of the different types of Si-based 
heterostructures nanowires. The schematic diagram of the cross-sectional view for the 
fabricated Si-based nanowires heterojunction is shown in Fig. 3.16. For the I-V 
measurement, the structure was contacted with silver paste and the effective area of 
about 0.785 mm
2
. I-V curves of the Si-based nanowires at different filament 
temperatures are demonstrated in Fig. 4.13. At filament temperature of 1150C, NiSi 
nanowires showed a linear I-V curve indicates a significant resistance model. At 
filament temperature 1450 and 1850C the Si-based heterostructures core-shell 
nanowires show a clear diode characteristic in I-V curves. Inset of the figure of Fig. 
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4.13 presents the logarithmic current against voltage (lnI–V) plot of the NiSi/Si and 
NiSi/SiC core-shell nanowires prepared at filament temperatures of 1450 and 1850C. 
 
 
Fig. 4.13 I–V curves of the samples prepared by HWCVD at different filament 
temperatures. Inset of the figure presents the logarithmic current against voltage (lnI–V) 
plot of the NiSi/Si and NiSi/SiC core-shell nanowires prepared at filament temperatures 
of 1450 and 1850C 
 
 
Fig. 4.14 Generic diode mode with parasitic series resistance and parallel conductances. 
I consider a universal ideal diode junction diode emulation by single exponential, 
parasitic series resistance (Rs) is modeled, and the sake of completeness, and include 
73 
 
the loss mechanisms of the two branches: the parasitic parallel conductance, GP1 and 
Gp2 of junction and surrounding areas. Fig. 4.14 Equivalent circuit model presented 
here. 
The equation of I–V characteristics mathematical model of this circuit is given 
(Ortiz-Conde & Sánchez, 2005): 
     (6) 
where n is the ideality factor, Io is reverse saturation current, T is the temperature 
in Kelvin, q the electronic charge and k is the Boltzmann constant. Gp and Rs are the 
parallel parasitic conductances and series resistance respectively, which are important 
parameters that influence the electrical characteristics of diodes. 
It is well known that using a common basic function, the above equation can not 
be clearly distinguished beyond general I or V. Therefore, it has become accustomed to 
the use of explicit approximate solution for modeling purposes. Several of these 
approximate solutions have been proposed, which uses only the basic functions. But 
now, as I and V clear precise analytical solutions already exist (Ortiz-Conde & Sánchez, 
2005), used to be known Lambert W function, a special role, which does not express a 
special function in the elementary analysis functionality.  
For this heterojunction diode the influence of Gp2 can be ignored and written 
function like this: 
 
                (7) 
At very small voltage region, the n was obtained from slope of the lnI-V plot Fig. 
74 
 
4.13(b),  
                         (8) 
Compare to the ordinary diode，the Si-based heterojunction diodes showed a relatively 
larger ideality factor. The larger ideality factor could be due to a combination of 
metal-semiconductor junctions and other heterojunctions in series, and each node has a 
corresponding ideality factor. The ideality factor of Si-based heterojunction diode equal 
to the superposition of all as described below (Shah, Li, Gessmann, & Schubert, 2003): 
                             (9) 
The equation (7) has four unknown parameters which are n, I0 , Rs and Gp . by Using (I, 
V) experimental data that can solve this equation. Since there are 4 unknowns and more 
than four (I, V) or simultaneous equations that cannot expect to get values for n, I0 , Rs 
and Gp that would exactly satisfy all equations. For this reason I used the least square 
fitting approach which gives us the opportunity of using more data points and hence 
increasing the accuracy of the solution. The values of n, I0, Rs and Gp obtained by this 
method are also given in Table 3. 
 
TABLE 3: The experimental values of the parameters obtained from I–V fittings. 
Type of diode Ideality factor 
Reverse  
saturation current  
(A/cm
2
) 
Series  
resistance (Ω) 
Parallel 
conductances 
(1/Ω) 
NiSi/Si 4.701 1.583E-4 6.132 0 
NiSi/SiC 3.487 6.125E-8 4.772 8.306E-4 
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CHAPTER 5 
CONCLUSION  
 
The growth, structural and electrical properties of the Ni-catalyzed Si-based 
nanowires prepared by HWCVD at different filament temperatures has been 
investigated. Different types of Si-based heterostructures nanowires have been 
successfully grown by HWCVD at different filament temperatures. The structural and 
electrical properties of the nanowires are presented. 
The filament temperature played an important role in controlling the 
decomposition mechanism, in which of the source gases and gas phase reactions thus 
led to the growth of different types of the Si-based heterostructures nanowires. The 
growth of NiSi nanowires at low filament temperature followed the solid phase 
diffusion of the Si into Ni nanoparticles where the SiH4 was catalytically decomposed 
by the Ni nanoparticles. Increase in the filament temperature involved the 
decomposition of the source gases by hot-filament and promotes growth of he NiSi/Si 
and NiSi/SiC heterostructures core-shell nanowires at 1450 and 1850C, respectively. 
Formation of thin and long NiSi/SiC core-shell nanowires was attributed to the 
diffusion of C-rich species formed SiC shell layer radially which limited the radial 
growth of Si nanocolumns. Both NiSi/Si and NiSi/SiC heterostructures core-shell 
nanowires exhibited heterojunction electrical characteristic which could be used for 
nanoscale diode applications. Those properties prove that silicon based heterostructures 
nanowires can be used for versatile sensor at harsh environment. Future work is in 
progress to understand the correlation between work function and conductance results, 
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and how to assemble the nanowire device effectively is also need be studied. 
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